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ABSTRACT: Diesel has been the most employed fuel in highway
and nonhighway transportation systems. Many studies over the past
years have attempted to classify diesel as a stable or unstable
composition since this fuel can still degrade during storage or thermal
oxidative processes. Products generated because of such degradation
are the reason for the formation of soluble gums and insoluble organic
particulates, which in turn cause a negative influence on engine
performance. This work reports a detailed composition of nonpolar
and polar compounds in many ultralow-sulfur diesel (ULSD) samples
by comprehensive two-dimensional gas chromatography with a flame
ionization detector (GC × GC-FID) and electrospray ionization high-
resolution mass spectrometry (ESI HR-MS). In addition, chemo-
metric approaches were applied for ULSD storage stability
investigation. GC × GC-FID experiments achieved the nonpolar chemical characterization for the ULSD samples, including all
main hydrocarbon classes: paraffins, mono- and dinaphthenics and olefins, and aromatics. The GC × GC-FID data combined with
principal component analysis (PCA) described that the separation of the samples’ concerning storage stability was mainly due to the
contents of mono- and diaromatic compounds in the unstable ULSD samples. Moreover, PCA was also applied to the ESI (±) data
set, and the results highlight the presence of compounds belonging to O class (natural antioxidants), which decrease the rate of
oxygen consumption in the fuel, characterizing it as stable composition. The basic nitrogen compounds are mostly present in the
stable ULSD samples indicating that they did not affect the stability of the fuel. On the other hand, the HC classes presented
pronounced abundance among unstable ULSD samples suggesting that the fuel degradation may go through the oxidation of
hydrocarbons and the formation of Ox compounds as byproducts. Furthermore, MS/MS experiments point to the formation of
CcHhNnOo-like precursor species, which can react with each other and lead to the formation of gums and insoluble sediments in the
fuel. In summary, the results express the potential of using the GC × GC-FID and ESI (±) Orbitrap MS techniques as valuable tools
for diesel stability evaluations.

1. INTRODUCTION
In the last few years, diesel was considered the most refined
product produced in Europe, and in 2022, its consumption by
the United States transportation sector was approximately 3
million barrels per day.1,2 This middle distillate fuel is
composed of a complex mixture containing aromatic,
paraffinic, olefinic, and naphthenic hydrocarbons, besides
compounds containing nitrogen, sulfur, and oxygen atoms
(NSO).3

Many studies have identified diesel as a stable or unstable
composition,4−6 and the proportion between the displayed
classes of compounds directly influences diesel performance.
Consequently, diesel can degrade during storage or thermal
oxidation processes involving soluble gums and insoluble
organic particulates.7−10 The degradation process in middle
distillates ranges from several oxidative and polymerization
reactions, inorganic compounds, additives, and fillers added

during refining to the fuel chemical predisposition to instability
through free-radical mechanism.10

Fundamental studies on the oxidative degradation of middle
distillate fuels have been reported by many authors.8,11−13 In
2005, Beaver et al.14 proposed a mechanistic study where
aromatic heteroatomic species such as phenols and arylamines
can undergo oxidation. Consequently, quinone species are
formed, which can function as electrophiles in nonoxidized
compounds in the coupling reactions generating soluble
macromolecular oxidatively reactive species (SMORS). There-
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fore, solubility decrease was the driving force for these
compounds’ precipitation and their contribution to deposit
formation. SMORS mechanism for middle distillates is
described in Scheme S1 (see the Supporting Information).

In a similar manner, Balster et al.15 presented that the trend
of oxidative thermal deposition is proportional to the polar
species level current in the fuel. However, the formation of
deposits in a specific fuel depends on the classes of polar
compounds. The authors observed that fuels with a high
content of anilines, quinolines, and pyridines result in less
deposit formation than fuels with the same total polar content,
mainly phenols, carbazoles, and indoles. Correspondingly,
Siddiquee and Klerk16 studied oxidative reactions of
compounds containing nitrogen, oxygen, and sulfur atoms at
130 °C. The authors found that heterocyclic compounds
containing five-membered rings are more vulnerable to
oxidative reactions than acyclic structures and six-membered
rings. Among the five-membered heterocyclic compounds, the
tendency to form oxidative products was N > O ≫ S.

Therefore, diesel stability has been a significant concern due
to its direct impact on the performance of diesel engines. It
currently undergoes extensive standard laboratory test
methods (e.g., ASTM D227417 e D530418) to verify its
stability before use. Stability denotes the fuel’s resistance to
changes in its original chemical composition when it is stored
for long periods (storage stability) or exposed to high
temperatures in a short period (thermal stability), and there
is no appreciable deterioration in its chemical composition.19,20

Recently, there has been a notable increase in the
production of ultralow-sulfur diesel (ULSD). This surge is
primarily driven by stringent environmental regulations and
modifications in nonhighway diesel fuel legislation imple-
mented by the International Maritime Organization.21,22 To
meet these standards, the sulfur content of the diesel fuel was
reduced for values in the range of 10−15 ppm. ULSD
production is commonly achieved by hydrotreatment (HDT),
and it directly affects the chemical composition of the final
product.23 Therefore, it is necessary to understand the different
chemical compositions that differentiate the ULSD’s stability
from instability.

Several analytical techniques have been used in the chemical
characterization of petroleum and its derivatives.24−26 Detailed
determination of nonpolar composition in middle distillates
has been achieved by comprehensive two-dimensional gas
chromatography (GC × GC).27 In this technique, the fuel
could be separated into components employing two capillary
columns with different stationary phases.28,29

Maximilian et al. reported the application of GC × GC−
time-of-flight mass spectrometry (GC × GC−TOF MS) for
the group-type quantification of middle distillates.30 The same
authors also evaluated in another approach the normal and
reversed phase column combinations for GC × GC−TOF MS
for the analysis of commercially available middle distillates.
The authors concluded that the reversed phase provides
advantages for the quantification of petrochemical samples in
terms of precision of the results.31 In addition, GC × GC with
a flame ionization detector (FID) has been widely applied for
hydrocarbon quantitative purposes.27,32

However, there is a limitation concerning their resolving
power when a compositional detail at the molecular level is
desired. In this context, the advent of high-resolution mass
spectrometry (HR-MS) allowed new horizons for the
petrochemical industry. HR-MS has enabled a more

comprehensive characterization of less abundant species in
oil, especially when electrospray ionization (ESI) is the
ionization source.33−37 ESI HR-MS successfully performs the
analysis of polar compounds present in petroleum and its
derivatives based on its ability to ionize and characterize basic
and acidic compounds selectively.38−40 Therefore, the ESI HR-
MS technique has been employed as a valuable tool for
characterizing the polar chemical composition and assessing
the stability of middle distillates.20,41,42

Generally, compositional characteristics that can affect fuel
properties are often hidden by an abundance of nonrelevant
information. Therefore, the chemometric techniques seem to
be suitable for revealing hidden information from fuel
composition data obtained by different analytical techniques.
Several studies have focused on discriminating different fuel
proprieties using chemometric procedures.43−46 Multivariate
exploratory analysis has been employed to examine petroleum-
derived properties such as principal component analysis
(PCA).45−47 The PCA is a method that reduces data
dimensionality and reveals more prominent and significant
patterns of variation for a given data set.48 Hence, PCA can be
used to identify clusters of similar samples. However, their
potential is not widely explored for monitoring ULSD
stability.49

In this regard, this paper reports the use of GC × GC-FID
and ESI (±) HR-MS for the characterization of the nonpolar
and polar composition of ULSD samples. Chemometric
approaches were applied to both techniques to identify
potential compound classes which cause ULSD samples’
instability during storage.

2. MATERIALS AND METHODS
2.1. ULSD Samples. ULSD samples were classified as

stable (S-ULSD, 10 samples) and unstable (U-ULSD, 10
samples) by the Standard Test Method for Assessing Middle
Distillate Fuel Storage Stability by Oxygen Overpressure (ASTM
D5304) and were supplied by the Centre of Research,
Development, and Innovation Leopoldo Ameŕico Miguez de
Mello (CENPES, Petrobras, RJ, Brazil). The ASTM D5304
has been employed as a standard method to assess the storage
stability of middle distillates in the presence of oxygen. The
test was conducted in glass under standardized conditions: a
temperature of 90 °C and a pressure of 800 kPa O2 over a
period of 16 h. The precipitate generated was filtered and
weighed. It was required that for stable samples, the amount of
insoluble sediments measured was not more than 0.1 mg for
every 100 mL of the fuel.50

2.2. Elemental Analysis. The total nitrogen content was
determined by the boat-inlet chemiluminescence method in
accordance with ASTM D5762-18,51 whereas carbon and
hydrogen were determined concurrently in a single instru-
mental procedure according to ASTM D5291-1.52

2.3. Two-Dimensional Gas Chromatography: Instru-
ment Parameters. GC × GC was performed using an Agilent
7890A gas chromatographic oven equipped with a capillary
flow modulator. The first-dimension column was an Agilent
J&W fused silica capillary column, 15 m × 0.25 mm, with a
DB-5MS stationary phase of 0.25 μm film thickness. The
second-dimension column was an Agilent fused silica capillary
column, 5 m × 0.25 mm, with a DB-17MS stationary phase of
0.25 μm film thickness. Hydrogen gas was used as the carrier
gas with a flow rate of about 0.2 mL min−1. A total of 0.5 μL of
each sample�S-ULSD (9 samples) and U-ULSD (7
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samples)�was injected pure, and the samples’ introduction
was made using a split/splitless injector with a 100:1 split ratio
at 320 °C. The GC oven was ramped at 2 °C min−1 from 40
°C (1 min) to 310 °C (10 min). The modulation period was
set to 6 s. The FID parameters were detected at a temperature
of 320 °C, a hydrogen flow rate of 30 mL min−1, an air flow of
300 mL min−1, and a makeup gas flow (nitrogen) of 20 mL
min−1. The GC × GC-FID experiments for one stable ULSD
sample (S-ULSD 7) and three unstable ULSD samples (U-
ULSD 3, 9, and 10) were not performed since they ran out
during the study.

2.4. ESI HR-MS: ULSD Sample Preparation and
Instrument Parameters. A total of 20 μL of each ULSD
sample was diluted to 1 mL of toluene/methanol (70:30, v/v)
solution. Ammonium hydroxide (NH4OH) was added (5 μL
to every 1 mL of sample solution) to ensure efficient ionization
for negative-ion mode ESI analysis. In the same proportion,
formic acid (HCOOH) was added in the positive-ion mode.
HPLC grade toluene and methanol used were provided by J. T.
Baker (Phillipsburg, NJ, United States).

The ESI MS analysis was performed employing a Q-Exactive
Orbitrap (Thermo Scientific, Bremen, Germany) with a
commercial heated ESI source (HESI). Samples were loaded
into a 500 μL syringe (Hamilton) and directly infused using an
integrated syringe pump at a flow of 3.0 μL min−1. The ion
source was operated using the following parameters: spray
voltage of 3.2 and 3.5 kV for the negative- and positive-ion
mode, respectively; mass range from m/z 100 to 600 for the
negative mode and m/z 100 to 800 for the positive mode;
sheath gas: 5; S-lens: 50; capillary temperature: 275 °C;
aanutomatic gain control (AGC) target: 1 × 106 (full scan)
and 5 × 105 (MS/MS); maximum injection time (IT): 50 ms
(full scan) and 200 ms (MS/MS); and microscans: 5. For the
MS/MS experiments, N2 was employed as the collision gas and
the improved energy collision dissociation (HCD) was wide-
ranging from 25 to 45 normalized collision energy (NCE) to
enhance the ion current in the spectra with an isolation
window of m/z 0.2. The resolving power was set to 140,000
(fwhm at m/z 200). The Xcalibur version 2.2 (Thermo Fisher
Scientific, CA, United States) software was employed for
instrument control/data acquisition.

The Composer software (Sierra Analytics, CA, United
States) version 1.5.3 was employed to assign molecular
formulas of the detected ions. This step was carried out to
group the compounds identified by the heteroatom type, series
(hydrogen deficiency−double bond equivalent (DBE)), and
degree of alkylation (carbon number) and also to evaluate the
chemical information in the data set previous to chemometric
modeling. Composer formula assignments were fixed between
m/z 100 and 1400, based on the number of atoms: 200 C, 400
H, 4 N, 4 O, and 4 S according to the walking recalibration
equation. The assignment process followed hydrocarbon rules
to generate meaningful chemical formulas and a mass error
tolerance of 5 ppm. All assignable molecular formulas for each
crude oil were exported to Microsoft Excel 2016 and then
imported to Origin 2018 for analysis.

2.5. Data Analysis. Chemometric approaches were applied
in GC × GC-FID and ESI HR-MS data sets separately to gain
comprehensive understanding of the sample composition. For
the first one, an X matrix containing 16 samples and six
variables (hydrocarbon compound classes) was built to
perform PCA. This approach enabled us to perform PCA at
the class level, rather than on individual species, facilitating a

more interpretable analysis of the complex hydrocarbon
profiles. In this matrix, values of 0 (zero) were assigned to
specific hydrocarbon compound classes in cases where they
were detected in some samples but absent in others, ensuring a
comprehensive data set for analysis. In contrast, the ESI (±)
HR-MS data set was more extensive, comprising 20 samples
with a total of 1560 variables (compounds that were detected
in both ionization modes). These variables represented
individual compounds detected across both ionization
modes, allowing us to perform PCA on a detailed level to
capture the full chemical diversity within the samples. For this
data set, a similar approach was adopted where missing values
were set to 0 (zero) for compounds detected in some samples
under both ionization modes but not in others. The X20×1560
matrix was created; of the total 1560 variables, 449 of them
were obtained by ESI (−) analysis and 1111 by ESI (+). Both
modes were imported separately. To integrate these two ESI
data sets, a low-level data fusion approach was employed. This
process began with the separate preprocessing of each ESI data
set to preserve their distinct characteristics. Following
preprocessing, the data sets were concatenated, forming a
combined data set for PCA. This method was chosen to ensure
that the comprehensive nature of each data set was maintained,
enabling a holistic analysis.

The pretreatment and application of PCA were imple-
mented in the MATLAB R2020a software (MathWorks Inc.,
MA, USA). Normalization and mean centering were applied to
both data sets before performing PCA. For the GC × GC-FID
data set, autoscale preprocessing was exclusively used to ensure
appropriate scaling of the variables. In contrast, the ESI HR-
MS data sets (both positive and negative ionization modes)
underwent a distinct preprocessing approach, where normal-
ization and mean centering were applied prior to data fusion.
This tailored preprocessing for each data set was crucial to
accurately reflect the unique characteristics of the data in each
analytical method, thereby ensuring the robustness and
reliability of the subsequent PCA.

The reduction of the number of variables by the PCA
application was achieved by decomposing the original matrix X
into its matrix products in scores and loadings, as shown in eq
1

X ETPT= + (1)

where X is the matrix I × J (I is the number of samples and J is
the number of variables); T is the matrix of vector scores ta I ×
A (A is the number of computed components); P is the matrix
of vector loadings J × A (the superscript T indicates the
transposed matrix P); and E is the residual matrix I × J.

3. RESULTS AND DISCUSSION
The elemental composition of the 20 ULSD samples is
described in Table S1 (see the Supporting Information). In
general, the contents of carbon and hydrogen among the
ULSD samples were similar. However, the same cannot be
applied to the total nitrogen content. Considering the average
between the set of ULSD samples, it was observed that the
total nitrogen content for unstable ULSD samples was higher
than for the stable ULSD samples, with values of 16.0 and 1.9
mg kg−1, respectively.

As it is known, the level of polar species could be correlated
with the thermal oxidative deposition tendency in middle
distillates,16 even though the classes of the polar species also
affected the amount of deposits produced by a specific fuel.
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Generally, fuels with high levels of basic nitrogen content were
likely to generate fewer deposits than those with the same
polar content but consisting of nonbasic nitrogen com-
pounds.15,16 However, the total nitrogen content determined
by the boat-inlet chemiluminescence method cannot differ-
entiate between the basic and nonbasic nitrogen compounds.
Therefore, the influence of these compound classes will be
discussed later, in which the results of mass spectrometry
analyses will be shown.

3.1. GC × GC-FID. GC × GC has been applied to the
analysis of different petroleum-derived samples.53−55 The use
of two chromatographic dimensions allows compound
separation based on their polarity and volatility. When
combined with FID, GC × GC becomes a powerful technique
for the speciation and determination of hydrocarbons in
different types of samples.27 In this way, they are arranged
according to their chemical group and their amount of carbon
atoms.54

GC × GC-FID experiments achieved the main hydrocarbon
classes: paraffins, mono- and dinaphthenics, olefins, and
aromatics, as described in Table S2 (see the Supporting
Information). Our GC × GC-FID method cannot differentiate
between olefins and mono- and dinaphthenics. Therefore, they
were grouped and referred to as “mononaphthenics and
olefins” and “dinaphthenics and olefins”. However, as ULSD is
a hydrotreated fuel, the olefin content is expected to be
minimal.27 Hence, the contents of the classes of hydrocarbons
referred to as “mononaphthenic and olefins” and “dinaph-
thenics and olefins” may be mostly related to the
mononaphthenic and dinaphthenic contents.

The results from GC × GC-FID were evaluated to
investigate which hydrocarbon classes are most significant for
ULSD stability classification. PCA was applied to a matrix of
16 samples containing the total content of each main
hydrocarbon class. PCA scores from principal components 1
and 2 are shown in Figure 1A. The dashed ellipse delineates

the 95% confidence region in the PCA score plot, with one
sample notably positioned outside this boundary, indicating a
deviation from the general sample clustering. A total of 94.28%
of the data variance was explained considering the two main
components, and the separation of stable and unstable ULSD
samples was observed in both components.

PCA allowed to identify patterns in the data set and express
the data in such a way as to highlight their similarities and
differences. According to Figure 1B, the major difference
between stable and unstable ULSD samples is the content of
mono- and diaromatics. These findings corroborate the total
contents of the main hydrocarbon classes described in Table

S2 (see the Supporting Information). The unstable ULSD
samples exhibited the content of mono- and diaromatics in the
range of 21.21−25.58 and 3.92−7.32 in %, w/w by comparison
of the values of 10.87−18.27 and 0.59−3.43 in %, and w/w for
stable ULSD samples, respectively. By contrast, loadings
referring to mono- and dinaphthenics mainly categorize the
stable samples.

The high contents of mono- and diaromatic hydrocarbons
observed for the unstable ULSD samples may be an indicator
of the reason that these samples exhibited unstable perform-
ance when subjected to the induced storage test in accordance
with ASTM D5304. Dewitt et al. observed that the content of
aromatic hydrocarbons as well as the amount of fused aromatic
rings are intrinsically related to the amount of deposits formed
in a commercial fuel.56

Table S2 (see the Supporting Information) describes that
the contents attributed to hydrocarbons containing more than
two fused aromatic rings, or even lower, were determined in
higher proportions for the unstable ULSD samples. This can
also be associated with the unstable performance observed for
these samples. In general, the low values found for this class of
compounds in the ULSD samples may be related to the
hydrogenation process characteristic of HDT, where aromatic
hydrocarbons are converted into their saturated analogues and
paraffins.55

On the other hand, the loadings for mono- and
dinaphthenics mainly categorize the stable ULSD samples.
The majority of the presence of these two classes of
hydrocarbons among the stable samples also suggests that
the olefin content is minimal among the ULSD samples.
Olefins are the class of hydrocarbons most susceptible to the
formation of gums and deposits in the fuel, given that this class
of compounds is more reactive to oxidation reactions.42

Consequently, the presence of olefins in the set of stable
samples would lead to the formation of precipitates during the
induced storage experiment, exceeding the recommended
value according to ASTM D5304, which was not observed
for these samples.

Figures S1 and S2 (Supporting Information) show the
distribution plots of the carbon number vs the content of the
main hydrocarbon classes for the stable and unstable ULSD
samples accessed by GC × GC-FID, respectively. The detected
carbon number range included values between C5 and C30 for
all ULSD samples. Among the stable samples, S-ULSD 1 had
an outstanding profile from the others (this sample has a score
higher than 10 in PC2�Figure 1), and precisely, the paraffin
content contributes to this separation, as can be seen in
loadings from Figure 1B. It has been reported that the presence
of paraffins in fuel does not affect its stability, since this type of
hydrocarbon has a low susceptibility to oxidation.57

In addition, Figure S1 (see the Supporting Information) also
points out similar carbon number distributions among the
samples S-ULSD 2, 3, 6, and 8. In contrast, for S-ULSD 4, 5, 9,
and 10, monoaromatic distribution stood out with more
prominent content in compounds with carbon numbers of C14
and C15. Conversely, the carbon number distribution profile
among the unstable samples (Figure S2, see the Supporting
Information) was similar except for U-ULSD 1 and 6, which
showed an increase in the paraffin, mono- and dinaphthenic,
and olefin contents in the region between C8 and C12.

58

Although, it is also necessary to evaluate the polar
composition of these samples, which cannot be accessed
using the GC × GCt-FID technique. Hence, the ESI (±)

Figure 1. (A) Scores and (B) loadings for the GC × GC-FID for 16
ULSD samples analyzed by PCA. The dashed ellipse delineates the
95% confidence region.
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Orbitrap MS was employed in order to understand the
distribution of polar compounds in ULSD samples.

3.2. ESI (±) HR-MS. ESI (±) Orbitrap MS was applied to
the chemical characterization of the ULSD samples and further
correlated with their storage stability in accordance with
ASTM D5304. The number of assigned peaks and assigned
percentage (%) for all ULSD samples in both ion mode
ionization is described in Table S3 (see the Supporting
Information). The error distribution as a function of m/z for
stable and unstable ULSD samples is illustrated in Figures S3
and S4 (see the Supporting Information) for the negative-ion
mode and Figures S5 and S6 for the positive-ion mode,
respectively (see the Supporting Information).

The ESI (−) mass spectra, Figure 2A, illustrated the stable
and unstable mass spectra presented over the entire m/z range,
from 100 to 600. Highlighted in Figure 2A, the mass spectrum
for the unstable ULSD sample exhibited most of the peaks
concentrated in the spectral region ranging between m/z 200
and 400.

The ESI (+) mass spectra for stable and unstable diesel
illustrated in Figure 2B showed the m/z range from 100 to 800.
For the stable diesel, most peaks were centered in the spectral
area ranging between m/z 100 and 400. However, as seen in
the mass spectrum for the unstable diesel, the mass range
detected included m/z 100 and 300. In addition, the presence
of intense ions is notable, which were m/z 139.11192,
338.34149, and 675.67603, corresponding to C9H15O+,
C22H44ON+, and C44H87O2N2

+. We supposed that these last
ions that do not pertain to any measured homologue series
might represent a degradation product formation in middle
distillates.

Beaver and coauthors14 demonstrated that a possible mass
for SMORS-type degradation products is 317 Da, correspond-

ing to a molecular formula of C21H19O2N. Sobkowiak et al.11

reported that these compounds result from the oxidation of
quinone species and subsequent coupling reactions with
nitrogen compounds. With these results, MS/MS measure-
ments were performed to obtain structural information about
the ions m/z 139.11192, 338.34149, and 675.67603, and the
profile MS/MS of these ions is described in Figures S7−S9
(Supporting Information), respectively.

An interesting finding when observing these ions’
fragmentation profile is the occurrence of the possible coupling
reaction as reported by Sobkowiak et al.11 The MS/MS profile
of the ion m/z 675.67603 demonstrated the loss of −337 Da
corresponding to C22H43ON (Figure S9, see the Supporting
Information) resulting in the ion m/z 338.34149
(C22H44ON+). Additionally, the MS/MS profile of the ion
m/z 338.34149, Figure S8 (see the Supporting Information),
showed losses of −17 Da (NH3) and −18 Da (H2O), and
subsequent dealkylation with losses of −14 Da corresponds to
CH2 units from its structure. In a similar manner, the ion m/z
139.11192 presented losses of −18 Da (H2O) and −42 Da
(C3H6). From the latter, a dealkylation was observed with
losses of −14 Da (CH2), as illustrated in Figure S7 (see the
Supporting Information). The isotopic structure of these
intense ions can be found in Figure S10 (see the Supporting
Information).

These results suggest the presence of a single precursor
species (C22H43ON) and highlight the possibility of a cyclic
structure (C5H6O) with alkyl side chains with the probable
organic functions: primary amine and secondary alcohol. The
presence of the cyclic structure was suggested by the
fragmentation of the m/z 129.11192 ion, resulting in the m/
z 83.04917 fragment ion corresponding to C5H7O+.

Figure 2. (A) Negative-ion mode ESI mass spectra for stable and unstable ULSD samples. (B) Positive-ion mode ESI mass spectrum profile in the
m/z 100−600 range for stable and unstable ULSD samples.
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Generally, only the presence of aromatic nitrogen com-
pounds is expected in petroleum-derived samples; however, a
few studies have already reported the presence, even in low
concentrations, of primary amines (R−NH2) in these
matrices.59,60 In the case of ULSD, the presence of this
functional group may be related to the HDT process from
which this fuel is obtained.60 Secondary alcohols are reported
as possible auto-oxidation products of aromatic hydro-
carbons.61 The high molecular mass and low polarity presented
by this compound point to the formation of a precursor species
that can lead to the formation of gums and sediments in the
fuel. The low DBE value presented by the ions discussed
suggests that the degradation product differs from those
observed in middle distillates leading to the formation of
SMORS-type species with a high DBE value.

The analysis by ESI (±) Orbitrap MS allowed a detailed
view at the molecular level of ULSD samples, and eight classes
of compounds were identified, with three classes (HC, N, and
O) accessed by ESI (−) and five classes (HC, N, NO, O, and
O2) accessed by ESI (+) HR-MS, as shown in Figure 3A. The
PCA method was applied to individual compounds detected
across both ionization modes to investigate which compound

type is most significant for classifying ULSD samples in
relation to the storage stability according to ASTM D5304.

Figure 4A shows the PC1 × PC2 scores for the 20 ULSD
samples. Considering the two main components, 51.81% of the
data variance was explained. The dashed ellipse delineates the
95% confidence region in the PCA score plot. The separation
of stable and unstable ULSD samples is mainly observed by
PC1 (37.49%). It can be seen from the analysis of the loadings
illustrated in Figure 4B that considering only the information
regarding the ionization mode is not possible to discriminate
the variables that most influence the separation between the
two sets of the ULSD samples.

Even though, by identifying the variables into classes of
compounds (loadings in Figure 4C), a tendency was observed
toward distinguishing the variables that best categorize the two
sets of ULSD samples. To provide a clearer insight concerning
the influence of each class of compounds on the discrimination
between stable and unstable ULSD samples, the loadings were
plotted individually for each variable class and are illustrated in
Figure S11 (see the Supporting Information).

In ESI (−) analysis, the apparent difference between the set
of ULSD samples was the class O detection in stable samples.

Figure 3. Class diagrams of the 20 ULSD samples (stable and unstable) analyzed by negative- (A) and positive-ion mode (B) ESI Orbitrap MS.

Figure 4. (A) Scores, (B) loadings (considering the ionization mode), and (C) loadings (identifying the classes of compounds) for the ESI (±)
Orbitrap MS for 20 ULSD samples analyzed by PCA. The dashed ellipse delineates the 95% confidence region.
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The DBE and carbon number distribution for this class can be
seen in Figure 5. The detection of species with DBE values

higher than 4 indicates the presence of alkylphenols, which
have the hydroxyl functional group (−OH), which undergoes
deprotonation when analyzed by ESI (−).62

The fuel oxygen consumption rate is inferior in fuels with a
high concentration of natural antioxidants (i.e., phenols and
thiols) since they are the primary reaction sites with peroxyl
radicals. Thus, the peroxyl radical chain is inhibited, which
characterizes stable fuels.63 On the other hand, fuels with low
levels of natural antioxidant compounds might present reactive
characteristics for the formation of precipitates during a long
storage period. For instance, these compounds will have
limited ability to preserve the second most reactive
compounds: hydrocarbons and other heterocompounds.64

Figure 3B illustrates the ESI (+) Orbitrap MS class diagram
and highlights a predominance of basic nitrogen compound
detection for the stable ULSD samples. These compounds do
not influence the formation of gums and sediments in middle
distillates.20,42,65−68 Nevertheless, the absence of this class in
most of the unstable ULSD samples may have contributed to
the unstable performance when the ULSD samples were
subjected to the induced storage test according to ASTM
D5304. These results imply that such classes of compounds
can be investigated in the search for new additives that increase
the lifetime of the fuel.69

On the other hand, the loadings for the HC, O, and O2
classes mainly categorize the unstable ULSD samples, as shown
in Figure S11B (see the Supporting Information). In the class
distribution graph illustrated in Figure 3B, hydrocarbons and
oxygenated compounds were predominantly detected among
the unstable ULSD samples. The oxygenated compounds may
result from hydrocarbon oxidation generating hydroperoxides,
which can react again with native compounds in middle
distillates, producing oxygenated compounds such as alcohols
and aldehydes.70

Hydrocarbons were detected by ESI in both ionization
modes. The detection of this class of compounds is also related
to the low content of polar constituents in ULSD samples,
which contributes to reduce the ion suppression effect of polar
compounds on hydrocarbons, enabling their ionization and
subsequent detection of that class.71 In ESI (−) analysis, the

HC class refers to the presence of hydrocarbons with a Csp3,
which promotes deprotonation due to the formation of an
aromatic carbanion that is stabilized by resonance.72

The ionization of hydrocarbons by ESI (+) is a more
complex process and involves factors related to the
composition of the matrix and, above all, the ionization
process characteristic of ESI.73,74 In a study reported by
Schneider et al., the ionization of polyaromatic hydrocarbons
led to the formation of ions of the [M + H]+ type. The authors
concluded that the low polar content characteristic of the
matrix studied is the main factor corroborating the detection of
hydrocarbons by ESI.71 In the present study, the distribution of
DBE for the HC class, illustrated in Figure S12 for the
negative- and positive-ion mode, showed the detection of
aromatic species with DBE greater than 4, corroborating the
results reported by Schneider et al.

The DBE distributions for the HC class detected by ESI (±)
showed the presence of naphthenoaromatic hydrocarbons
among the ULSD samples. These compounds have aromatic
and naphthenic rings in their chemical structures, mostly
consisting of six- or five-membered rings.55 According to Yang
et al., these compounds are common in refined products from
crude oil because polyaromatic hydrocarbons are also
subjected to the hydrogenation process, which often takes
place partially.75 The hydrogenation mechanism involves a
series of reversible reactions, where the hydrogenation of the
first ring of fused aromatic hydrocarbons is relatively easy,
while the hydrogenation of the last aromatic ring is more
difficult.76

The detection of naphthenoaromatic hydrocarbons among
the unstable ULSD samples suggests that this class of
compounds is a relevant criterion in understanding the
predisposition to instability observed for this group. The
benzyl hydrogens present in the chemical structure of
naphthenoaromatic hydrocarbons are susceptible to abstrac-
tion for the formation of organic radicals. This susceptibility is
more probable because the formed radical will be stabilized by
the resonance effect. Therefore, the organic radical will react
according to the propagation steps in a radical-free mechanism
and as a result, there is the formation of oxygenated species
such as alcohols.57,77

A potential oxidation mechanism for a naphthenoaromatic
hydrocarbon is illustrated in Scheme 1. The first step in this
mechanism is the formation of an organic radical from the
abstraction of hydrogen in the presence of light or heat. This
radical tends to react with an O2 molecule, giving rise to the
peroxyl radical. In synthesis, the abstraction of a hydrogen
radical from hydrocarbons or heterocompounds present in the
fuel leads to the formation of hydroperoxide. This can
decompose and produce other radicals. These radicals
continue to react, composed of the propagation steps of the
radical reaction, from which more complex oxygenated
products are obtained. These products can also react in the
presence of other compounds present in the fuel, leading to the
formation of gums and deposits in the fuel.57 The proposed
mechanism also demonstrates the formation of O and O2
species from a hydrocarbon molecule, suggesting that the latter
is degradation products.

4. CONCLUSIONS
Preliminary experiments employing elemental analysis, GC ×
GC-FID, and ESI Orbitrap MS were conducted to study the
chemical composition effect on ULSD stability. The elemental

Figure 5. Distribution graphs of DBE (A) and carbon number (B) for
the O class detected for stable ULSD samples analyzed by ESI (−) FT
MS.
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analysis provided the contents of the main elements present in
the ULSD samples. Nevertheless, by employing only this
analysis, the differentiating of the samples regarding their
stability could not be achieved.

On the other hand, using GC × GC-FID was possible to
determine the main hydrocarbon classes in ULSD samples and
their discrimination based on storage stability by applying the
PCA model. Roughly 95% of the data variance was explained,
indicating a clear separation between the two groups of
samples analyzed. The GC × GC-FID data combined with
PCA described that the separation of the samples’ concerning
stability was mainly due to the contents of mono- and
diaromatic compounds present in the unstable ULSD samples.

However, the polar composition is not accessed by
employing this method. Hence, polar compounds were
evaluated using ESI in both ionization modes. Moreover, due
to their low content in the ULSD fuel, the ionization of
aromatic hydrocarbons was also possible. Thus, the nonpolar
and polar compounds’ impact on fuel stability could be
assessed by ESI (±). PCA was also applied to the ESI data set,
and the results highlight the presence of natural antioxidants,
such as those belonging to the O class, which decrease the fuel
oxygen consumption rate, characterizing it as stable
composition.

Conversely, the oxidation and coupling reaction of
naphthenoaromatic hydrocarbons with reactive polar com-
pounds are the main routes to gum and deposit formation.
Therefore, HDT is an important factor in the stability of
ULSD samples. Furthermore, the MS/MS experiments
indicate that the coupling reactions occurred for possible

degradation product formation. The MS/MS experiments also
highlight the presence of a single precursor species, which is
the result of a coupling reaction between the HDT byproducts
and the oxidation of unsaturated hydrocarbons. In summary,
this is one of the first studies to integrate different analytical
techniques combined with chemometric approaches to analyze
the chemical composition of a low-polar content fuel in order
to investigate its stability over storage time.
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Zimmermann, R. Detection of Polycyclic Aromatic Hydrocarbons in
High Organic Carbon Ultrafine Particle Extracts by Electrospray
Ionization Ultrahigh-Resolution Mass Spectrometry. J. Am. Soc. Mass
Spectrom. 2022, 33 (11), 2019−2023.
(72) Lobodin, V. V.; Juyal, P.; McKenna, A. M.; Rodgers, R. P.;

Marshall, A. G. Tetramethylammonium Hydroxide as a Reagent for
Complex Mixture Analysis by Negative Ion Electrospray Ionization
Mass Spectrometry. Anal. Chem. 2013, 85 (16), 7803−7808.
(73) Miyabayashi, K.; Naito, Y.; Tsujimoto, K.; Miyake, M. Structure

Characterization of Polyaromatic Hydrocarbons in Arabian Mix
Vacuum Residue by Electrospray Ionization Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry. Int. J. Mass Spectrom. 2004,
235 (1), 49−57.
(74) Van Berkel, G. J.; McLuckey, S. A.; Glish, G. L. Electrochemical

Origin of Radical Cations Observed in Electrospray Ionization Mass
Spectra. Anal. Chem. 1992, 64 (14), 1586−1593.
(75) Yang, C.; Wang, Z.; Yang, Z.; Hollebone, B.; Fieldhouse, B.;

Lambert, P.; Fingas, M. 2 Chemical Fingerprints and Chromato-
graphic Analysis of Crude Oils and Petroleum Products. In The
Chemistry of Oil and Petroleum Products; De Gruyter, 2022; pp 47−
126..
(76) Banerjee, S.; Mani, K.; Leonard, L.; Kokayeff, P. Distillate

Hydrotreating to Ultra-Low-Sulfur Diesel�The Impact of Aromatics.
Indian Chem. Eng. 2011, 53 (3), 152−169.
(77) Webster, R. L.; Rawson, P. M.; Kulsing, C.; Evans, D. J.;

Marriott, P. J. Investigation of the Thermal Oxidation of Conven-
tional and Alternate Aviation Fuels with Comprehensive Two-
Dimensional Gas Chromatography Accurate Mass Quadrupole
Time-of-Flight Mass Spectrometry. Energy Fuels 2017, 31 (5),
4886−4894.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08336
ACS Omega 2024, 9, 10415−10425

10425

https://doi.org/10.1021/i300022a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/i300022a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie071321n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie071321n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie50480a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie50480a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2022.126202
https://doi.org/10.1016/j.fuel.2022.126202
https://doi.org/10.1016/j.fuel.2022.126202
https://doi.org/10.1021/ef402411v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef402411v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef402411v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2022.124302
https://doi.org/10.1016/j.fuel.2022.124302
https://doi.org/10.1016/j.fuel.2022.124302
https://doi.org/10.1016/j.tca.2020.178508
https://doi.org/10.1016/j.tca.2020.178508
https://doi.org/10.1021/jasms.2c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.2c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.2c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac401222b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac401222b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac401222b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijms.2004.04.001
https://doi.org/10.1016/j.ijms.2004.04.001
https://doi.org/10.1016/j.ijms.2004.04.001
https://doi.org/10.1016/j.ijms.2004.04.001
https://doi.org/10.1021/ac00038a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00038a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00038a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/9783110694529-002
https://doi.org/10.1515/9783110694529-002
https://doi.org/10.1080/00194506.2011.696372
https://doi.org/10.1080/00194506.2011.696372
https://doi.org/10.1021/acs.energyfuels.7b00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

